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Abstract 

The hypothesis that non-perturbative gravitational effects lead 
to explicit breaking of global symmetries is considered in the con- 
text of Majoron models. We find that the nonvanishing Majoron 
mass generated by these effects can overdose the universe unless 
the massive Majoron is unstable. The cosmological mass density 
constraints can then be satisfied only if Vbl < 10 TeV, where 
Vbl the scale oi B — L symmetry breaking. 
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1. The idea that neutrinos may be massive Majorana particles has been 
extensively discussed in literature. If this possibility is realized in nature, it 
would imply that B — L symmetry of the standard model is broken by new 
interactions beyond the standard model, and will provide a window to this 
new physics. It was proposed in 1980^^1 that B — L may be global symmetry of 
nature spontaneously broken by the vacuum state. In this case, there appears 
a massless spin zero Nambu-Goldstone boson in the particle spectrum called 
the Majoron, which significantly alters our thinking about the early universe 
and the role of neutrinos in its evolution. 

The original idea of the Majoron was reahzed in an extension of the stan- 
dard model where the B — L symmetry was spontaneously broken by the vac- 
uum expectation value of an clcctrowcak singlet complex scalar boson. The 
associated Majoron is called the singlet Majoron model'^l. Subsequently, this 
idea was realized in models where the B — L symmetry was spontaneously 
broken by the vev's of iso-triplet^' and iso-doublet^^' scalar bosons leading to 
the so-called triplet and doublet Majoron models, respectively. The measure- 
ment of the Z- width at LEP has ruled out the triplet and doublet Majoron 
models. At present, the only viable Majoron model is the singlet model or 
mixed Majoron^ models, where tiny admixtures of non-singlet components 
appear in combination with a dominantly singlet Majoron. 

An important question in these models is the scale Vbl at which the B — L 
symmetry breaks. Experimentally, this scale will manifest itself in the Majo- 
rana mass of the neutrino. For instance, in the see-saw models for neutrino 
masses, the neutrino mass scales inversely with Vbl- In the singlet Majoron 
model or its generalizations, Vbl is an arbitrary parameter. In this letter, we 
argue that if non-perturbative gravitational effects explicitly break all global 
symmetries, as has recently been postulated I^'^'^l, the scale Vbl of the singlet 
Majoron model (or its extensions) will have an upper limit of about a few 
TeV, or so. 



2. An important ingredient of the singlet Majoron model is a complex Higgs 
singlet a with B — L = —2, which couples to the right-handed neutrino i^r, 
and acquires a non-zero vev: < a >— Vbl/V^- One can write: 

<^ = An (Vbl + p) e^^/^«^ (1) 
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In the absence of gravitational effects, x is massless and denotes the 
singlet Majoron field. In the early universe, for T >> Vbl, < a > vanishes 
and the Majoron field acquires a mass. In the mixed Majoron models, the 
true Majoron field has only x ^ the dominant piece, and the discussion given 
below applies. 

Once the gravitational effects are turned on, U{1)b-l breaking terms will 
be induced. We assume that these terms respect the local symmetries of the 
theory and vanish as Mpg, — > oo. One can then write these induced terms 
that involve only the singlet field a and the standard model Higgs doublet 
(/?, in which case the lowest dimension terms are d — b: 



Vpt = V^{a) + V2{}P,a) (2) 

where 

V.(,, .) = A + A + "3 + (36) 

Mpi Mpi Mpn 

We will further assume that A and {3 are not small. Vp^ will now induce 
non- vanishing mass for the Majoron field A massive Majoron will affect 
the evolution of the universe, unless its mass and lifetime satisfy certain 
constraints. This, in turn, leads to restrictions on the value of the B — 
L breaking scale VpL- In order to discuss this question, we consider two 
complementary ranges of the parameter Vbl'- 

(A) Vbl < V and (B) Vbl > V, where V = (a/SGf)"^ ~ 246 GeV. In case 
(A), the Majoron mass is dominated by the /9i-term in eq. (3), whereas in 
case (B), the dominant terms are from Ai, A2, and A3 couplings. In case (A), 
the Majoron mass is estimated to be (estimation valid for <Vbl 

~ PI (^) keV (4) 



BL 



On the other hand, in case (B), we get 



^ (f A, + + iA,)' (^)' keV (5) 
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Obviously, the mass acquired by the Major on is minimal when Vbl = V. 
We see that if A's and /9's are of order 0.1 to 1, the Majoron mass is larger 
than a keV. Therefore, unless its lifetime is appropriately constrained, the 
Majoron population of the universe will overdose it. As a rough estimate of 
the situation, we see from the desired constraint 

n-^m^ < p„.it (6) 

that, if ~ n^, then for V = Vbl, we must have A, /5 < 10~^. As Vbl 
becomes significantly different from V, the situation is worse and the Majoron 
must be unstable. Of course, if it happens that x decouples sufficiently 
early, leading to << riy, constraints on x may be weaker. To study the 
implications of a massive Majoron for cosmology, we therefore need to know 
the following: 

i) When does the Majoron go out of equilibrium? 

ii) How does it decay? 

Both these questions are tied to the nature of interactions that involve 
the (T-field. Typically, the following interaction terms dictate the answers to 
the above questions: 

Ly = hab i'aL V ^iR + fah T^Ir ^bR 0" + h.C. (7) 

Here z/'aL denotes the leptonic doublet, VaR is the right-handed neutrino 

field and a, 6,... stands for the generation index. Eq. (7) leads to the 
see-saw formula for neutrino masses when we substitute < ip° >= ^ and 

< a >= which yields: 

h « ^ ^^^^ (8) 

(Here and below, we consider only the heaviest of the neutrinos, denoted by 
z/, since only its effects are the most significant). Since in our framework the 
Majorons are massive, the left-handed neutrinos are stable and cosmological 
mass density constraint requires that < 25 eV. This implies that 

A<10-(^)' (9) 
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It is then easy to see that is in equihbrium with the left-handed elec- 
trons and neutrinos via the interaction tt-'^ + <p — > + Wl (which has an 
interaction rate F given by F ^^^T), unless rriy < 10~^ eV. 

This is in equilibrium for lO^m,^^ > T > rriyj^. Since the cr-field is in 
equilibrium with the right-handed neutrinos via the Yukawa coupling / (if the 
latter is not unnaturally small) , they are in equilibrium with the rest of the 
universe. As the universe cools below T = rriyj^, the right-handed neutrinos 
disappear. The dominant interactions of a is via its induced coupling to uls. 
This coupling has a magnitude 

^ (^) (10) 

For Vbl in the 1 GeV to 100 GeV range, f^^^^„ ~ 2 x 10"^ - 2 x 10-^°. 
Therefore, for mj/^ > 10 GeV or so, cr's go out of equilibrium at T = rriy^. 
Their present density is then given by 

^ n^(T„) g^iTo) ^ 10 20 ^ ^ 

In eq. (11), g*{T) denotes the effective number of light particle species at 
temperature T; and To denote the decoupling temperature for the right- 
handed neutrinos and the present temperature of the universe respectively. 

Eq. (6) then implies that < 2 keV. Using eq. (4) and (5), one finds 
for all A's and /3's of the order one, that neither case (A) nor case (B) are 
acceptable unless the Majoron decays. On the other hand, if < lO""*^, then 
Vbl — V is acceptable for the B — L symmetry breaking scale. 



3. Now let us look at the constraints on Vbl arising when the Majoron 
is unstable. According to eq. (10), the dominant decay mode, % — > vv, is 
provided by the heaviest of the ordinary neutrinos. Then the lifetime is given 

by 

The constraint to be satisfied in this case is^^^ 
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r^m^ (^) ' < 25(Oo/i2) eV (13) 



where tu is the age of the universe. This leads to 



1 keV/ Vl sec 



1/2 



<10^Qo/ii (14) 



A more stringent constraint comes from the requirements of galaxy for- 
mation in the universe. The recent COBE measurements of cosmic back- 
ground anisotropyl^l implies a very small magnitude for initial density fluc- 
tuations: 5p/p < 10~^. This, in turn, requires a sufficiently long matter 
dominated epoch for the linear growth of 5p/p to form the observed large 
scale structure of the universe. Therefore, the relativistic decay products of 
X must be redshifted enough so as to have a matter dominated universe by 
the era, teg; where one has the equality of matter and radiation density 



[10] 



(teg = 0.8 X 10^ (Q/i^) ^ yr). This leads to 



X 




n^iteq) [ — ] < pM{teq) (15) 



where riyitcq) = (1 + -Zeg)^ x 422 cm~^ is the photon number density at that 
epoch and pM{teq) = {1+ZeqY x 10.5 {Qoh"^) keV-cm^'^ is the energy density of 
non-relativistic (presumably cold dark) matter. This leads to the condition: 



(Notice that this condition does not depend on the value of floh^)- Assuming 
— 0.1, this can be rewritten as 

»xf%iV<10=f^rkeV (17) 



V J ~ V25 eV. 

Using eq. (5) and assuming the numerical factors in it to be of order one, we 
get: 
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If we use eq. (4) instead of eq. (5), the result is an upper limit on Vbl bigger 
than the electro- weak scale (where eq. (4) docs not hold). We thus conclude 
that the limit on the scale ol B — L breaking due to Planck scale effects 
inducing B — L breaking terms of dimension 5, is given by eq. (18) and is in 
the TeV range. The limit actually does not depend on the particular model 
of the singlet Majoron and applies to the original see-saw model^^l as well as 
the modified versions 

An important implication of our result is that the neutrino masses must 
have a lower bound if they arise via the see-saw formula. The precise value 
of the lower bound, of course, depends on the magnitude of the Dirac mass 
of the neutrino. In particular, since the B — L scale is so low, one of the 
neutrinos could have a mass in the eV range which in turn implies that a few 
per cent of the dark matter of the universe being hot. This may indeed be 
indicated by the recent COBE data. 

4. Our considerations could easily be extended to a wider class of theories 
where the leading order B — L violating term may be bigger than 5. For 
instance, if the leading order term is of the form ^77;-, then 

n 4 

, 10 / Mpf \ "+6 / m,, \ „ 
V,,<(10)^(^) (^) GeV (19) 

Thus, for higher n, bounds on Vbl are less stringent. It is possible to con- 
struct gauge models where the Planck scale effects can be postponed to higher 
dimensional terms. We do not discuss specific models in this paper. 

In conclusion, we point out that Planck scale effects can impose inter- 
esting upper limits on the scale of B — L breaking in Majoron models. 
These considerations can be easily extended to familon and other models 
with spontaneously broken global symmetries, where the pseudo-Goldstone 
bosons couple to neutrinos. 
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